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Abstract

Bisphosphonates are generally considered to act on bone re-
sorption by binding to bone mineral and subsequently inhibiting
the activity of the osteoclasts which ingest them. This has been
supported by the fact that bisphosphonates adsorbed on miner-
alized tissue inhibit the resorbing activity of isolated osteo-
clasts in vitro. However, the effectiveness of different bisphos-
phonates determined in this system does not reflect their rela-
tive potencies in vivo. Employing the well-described isolated
osteoclast resorption pit assay, with ivory as the resorption
substrate, we show here that this lack of correlation prevails
only when the bisphosphonates are added to the mineral before
addition of osteoclasts, but not when the cells are treated for a
short time (5 min) before allowing them to adhere onto ivory.
By using this approach with five different bisphosphonates, a
stringent correlation of relative potencies was obtained with
those found, both in the rat and in the human, in vivo. Further-
more, by using an osteoblastic cell line (CRP 10/30 ) which is a
powerful promoter of osteoclastic resorption in vitro, we ob-
tained evidence that the inhibitory effect of bisphosphonates
was the result of an action on osteoblasts rather than on osteo-
clasts. Thus, in experiments in which the osteoblastic cells
were pretreated for 5 min with bisphosphonates and then cocul-
tured with osteoclasts, inhibition ofosteoclastic resorbing activ-
ity was obtained. Moreover, it was found that this treatment
resulted in a decrease of the stimulatory effect found in CRP
10/30-conditioned medium. In conclusion the present study
shows that part of the osteoclast inhibiting action of the bis-
phosphonates is mediated through an action on osteoblasts. (J.
Clin. Invest. 1993. 91:2004-2011.) Key words: coculture * os-
teoblast-derived osteoclast-stimulating activity * osteoclasts.
parathyroid hormone * resorption pit assay

Introduction

Bisphosphonates are analogues ofpyrophosphate with a potent
inhibitory effect on bone resorption (1). They have been estab-
lished as therapeutic agents in many bone disorders character-
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ized by increased resorption, such as Paget's disease (see review
[2 ]), tumoral bone disease (see review [31), and recently, os-
teoporosis as well (4-7). The mechanisms by which bisphos-
phonates inhibit bone resorption, however, remain to be clari-
fied.

Because these compounds adsorb very effectively to hy-
droxyapatite (8), a feature that has been exploited for their use
as bone-scanning agents, the inhibitory effect of bisphospho-
nates has principally been attributed to a metabolic injury of
mature osteoclasts when they ingest bisphosphonates bound to
bone (3). This mode of action was supported by the finding
that osteoclasts acquire a degenerative morphological appear-
ance and change in function not only in vivo (9) but also when
cultured on bisphosphonate-coated bone or bone particles ( 10,
11). Recently, it was shown that alendronate is localized
densely under osteoclasts in vivo ( 12). This study as well as
others ( 13), however, showed no differences in potency among
compounds that displayed very different potencies in vivo,
thus raising questions about the proposed mechanisms. Be-
cause there is evidence that bisphosphonates act on cells other
than osteoclasts, for example, in the acute-phase reaction that
they induce ( 14), it is conceivable that some of their effects
may not be the result of direct actions on the osteoclast, but of
indirect effects through other cells that can affect osteoclast-
mediated bone resorption.

In order to investigate whether bisphosphonates exert di-
rect effects on bone cells unrelated to mineral adsorption, we
undertook to determine the effect oftreatment ofdisaggregated
osteoclasts with bisphosphonates before their adherence onto
the mineral surface. A 5-min treatment resulted in inhibition
of resorption, and the responsiveness to a series of bisphos-
phonates at concentrations between 10-11 and 10-6 M corre-
lated well with the dose responsiveness to the same agents in
vivo. Furthermore, evidence was obtained that the osteoblasts
are the target cells of the bisphosphonates in mediating this
response.

Methods

Materials. Medium 199 with Hanks' salts and 20mM Hepes, (M 199),
minimum essential medium with Earle's salts (MEM; 2.2 g NaHCO3/
liter) and gentamicin were purchased from Gibco AG, Basel,
Switzerland. The bisphosphonates, l-hydroxy-3(methylpentylamino)-
-propylidenebisphosphonic acid (BM 21.0955),' 3-amino-l-hy-
droxypropylidenebisphosphonic acid (pamidronate), and dichloro-
methylenebisphosphonic acid (clodronate) were gifts from Boehringer
Mannheim GmbH, Mannheim, Federal Republic ofGermany. l-Hy-
droxyethylidene-bisphosphonic acid (etidronate) and 4-amino-1-hy-
droxy-butylidenebisphosphonic acid (alendronate) were gifts from In-

1. Abbreviations used in this paper: BM 21.0955, 1-hydroxy-3(methyl-
pentylamino)-propylidenebisphosphonic acid; TRAP, tartrate-resis-
tant acid phosphatase.
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stituto Gentili, Pisa, Italy. Stock solutions of bisphosphonates were
prepared by dissolving them in 0.9% NaCi at a concentration of 2
X IO-3 M. The pH of the individual solutions was adjusted to 7.4 with
NaOH. When needed, the above solutions were diluted withM199 and
subsequently sterilized. Bovine parathyroid hormone (bPTH 1-34)
was purchased from Bachem AG, Basel, Switzerland. Salmon calci-
tonin was gift from Sandoz, Basel, Switzerland. Plastic tissue culture
plates (Costar, Cambridge, MA) were purchased from Technorama
AG, Wallisellen, Switzerland.

Isolation and culture ofosteoclasts. Osteoclasts were isolated from
femurs of 1-day-old rats (Wistar) as previously described (15). Briefly,
after killing the animals, femurs were dissected and freed of adherent
soft tissue. Thereafter the bones were cut across their epiphysis and the
bone marrow was removed by using a size 10 dental needle (100 gm in
diameter). The femurs were then transferred to a dish containing 1 ml
M199 supplemented with 0.5% gentamicin. Osteoclasts were gently
released from the femurs under constant agitation using in succession
calibrated dental needles of size 20 and 30. The movement of each
needle occurred parallel to the longitudinal axis starting from the
marrow cavity to the periosteum of the femur. With four femurs this
procedure took no longer than 10 min. The resulting osteoclast suspen-
sion, from four femurs, was adjusted to a volume of 2 ml with M199.
Then 500 Ml of the cell preparation was added to eight ivory slices kept
in individual plastic wells (2.0 x 1.0 cm). After a 25-min incubation at
370C and 5% C02, nonadherent cells were removed by lateral agita-
tion. Then, eight slices for control and eight for each treated group were
individually placed into single wells of a 24-well plastic tissue culture
plate to which 500 Mil of either control or test media were added. The
cultures were carried out inMEM supplemented with 10% FBS for 24 h
at 370C and 5% CO2.

Preparation ofivory slices. Elephant ivory (kindly donated by Dr.
D. Ruedi, Basel Zoo, Switzerland) was used as mineral substrate to
assess osteoclast resorption activity. The ivory was cut into 4 x 4 x 0.1-
mm slices with an Isomet low-speed saw (Buehler Instruments, Evan-
ston, IL). The resulting slices were cleaned by ultrasound for 30 min in
deionized water. Thereafter, the ivory pieces were air-dried, gas-steril-
ized, and subsequently degassed under vacuum for 12 h.

Measurement of osteoclast resorption activity. After the 24-h cul-
ture period, the ivory slices were freed of all adherent cells by ultra-
sound in 70% isopropanol. The slices were then washed, air-dried, and
sputter-coated with gold (SCD 004 Coater, Balzers, Liechtenstein).
The number of resorption pits on each ivory slice was enumerated by
using either a light microscope with a tangential light or a model S200
scanning electron microscope (Cambridge Instruments, Cambridge,
UK). The magnification used to count the pit number was x200 and
X601, respectively. A pit was defined as a depression in the ivory sur-
face with a continuous rim and an area of at least 240 gm2. Pit areas
were determined from scanning electron microscope photographs (Fig.
1) by tracing the outline of the concavity onto graph paper. Osteoclast
resorption activity was expressed as total number of excavations per
eight slices which correspond to a surface area of 128 mm2. To ensure
that the pit analysis was carried out in an unbiased manner, the reader
was in the great majority of cases unaware of the treatment. Some
experiments were counted by two persons, the correlation being excel-
lent.

Influence of bisphosphonates on the resorption activity of isolated
osteoclasts. The effects ofbisphosphonates on the resorption activity of
osteoclasts was examined by presenting the compounds to the cells
either directly or bound to the mineral surface of ivory. In the former
case, within 2 min of osteoclast isolation, 250 Ml of osteoclast suspen-
sion was mixed with 250 Ml ofbisphosphonate-containing solutions of
various concentrations. After 5 min incubation at room temperature,
cells were washed twice with 15 ml M 199 and then were centrifuged at
150 g for 10 min. The resulting cell pellets were resuspended in 500 MI
of M 199 and subsequently added to the ivory slices for adherence.
After 25 min nonadherent cells were removed and osteoclasts cultured
for 24 h in MEM supplemented with 10% FBS.

In the case where the bisphosphonates were presented to the osteo-

Figure 1. Microphotographs of osteoclast resorption pits formed on
an ivory slice after 24-h culture. (a) Four pits under light microscopy;
the bar represents 50 ,m. (b) A scanning electron microscope photo
of the marked filed in a; the bar represents 50 Mm.

clasts bound to mineral, ivory slices were incubated with different bis-
phosphonates of various concentrations for 25 min at 370C and 5%
CO2. Then 500 Ml of osteoclast suspension were added to the pretreated
and subsequently washed ivory slices. After 15 or 25 min ofsettlement,
as detailed in individual experiments, nonadherent cells were removed
and osteoclasts cultured as described above.

Effect of osteoblast-conditioned medium and PTH on isolated os-
teoclasts. Osteoblast-conditioned medium was prepared from the well-
characterized rat osteoblast cell line CRP 10/30 (16) as previously
described ( 15). Briefly, CRP 10/30 cells were plated at a density of I04
cells/cm2 in 75-cm2 tissue culture flasks where they were allowed to
grow to confluence in MEM supplemented with 10% FBS and antibi-
otics. Medium was changed after every third day. At confluence, me-
dium was removed and cells washed twice with 25 ml PBS. Thereafter
fresh MEM without FBS was added to the culture. After 24 h ofincuba-
tion the medium was collected, centrifuged at 250 g, and subsequently
tested in the osteoclast bioassay.

To examine the effect of osteoblasts on the osteoclast resorption
activity, we added bPTH( 1-34)- or CRP 10/30-conditioned medium
to the osteoclast resorption pit assay. Based on the assumption that
osteoclasts settle more rapidly to the substrate than osteoblasts, equal
volumes of suspended osteoclasts from a single preparation were added
to three groups of ivory slices. Each group was then incubated for either
15, 25, or 120 min. After the incubation, the slices were freed ofnonad-
herent cells and a group of four slices each were incubated for 24 h in
either 500 Ml ofMEM containing PTH ( I0- M) and 10% FBS or with
500 ,1l of medium conditioned by CRP 10/30 cells. As controls four
slices each were incubated in MEM with or without 10% FBS.
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Effect of conditioned media from bisphosphonate-treated osteo-
blasts on osteoclast resorption activity. The osteoblast cell line CRP
10/30 was cultured under identical conditions to those described
above. In order to determine whether the treatment ofCRP 10/ 30 cells
with bisphosphonates influences the ability of conditioned media to
stimulate osteoclastic resorption activity, confluent monolayer osteo-
blasts were incubated with lO-7 M BM 21.0955 or 10-6 M clodronate
for 5 min at 37°C and 5% CO2. After 5 min of treatment, cells were
washed twice with 20 ml of MEM without serum. Thereafter fresh
MEM without FBS was added to the osteoblast culture. After 24 h of
incubation, media were collected and fresh MEM without FBS was
readded to the confluent osteoblasts. After an additional 24-h incuba-
tion media were collected again and both 24- and 48-h media samples
were tested in the osteoclast resorption assay.

Osteoblast-osteoclast coculture. CRP 10/30 cell cultures were
carried out as described above. At confluence, fresh medium without
FBS was added and cells were cultured for an additional 24 h. After the
removal of the medium, cells were trypsinized, washed with MEM or
M 199, and centrifuged at 250 g for 10 min. The cell pellet was either
resuspended (6 X 10' cells/ml) in MEM for coculture with bisphos-
phonate pretreated osteoclasts, or inM 199 where untreated osteoclasts
were cultured with bisphosphonate pretreated osteoblasts. In the latter
case, 2 ml of CRP 10/ 30 cell suspension prepared as described above
were incubated for 5 min with 2 ml of M199 containing either no
bisphosphonates (controls) or BM 21.0955 and clodronate at concen-
trations ranging from 2 X 10-7 to 2 x 10-" M and 2 x 10-6 to 2 x 10-9
M, respectively. Thereafter, cells were washed twice with 40 ml of
M199 and then centrifuged for 10 min at 250 g. The cell pellet was
resuspended in MEM and subsequently added to individual wells each
containing one ivory slice with adherent osteoclasts. The final volume
per well and slice was 500 Al ofmedium containing 3 X 105 CRP 10/30
cells. The coculture was carried out for 24 h in MEM free of FBS.

To determine the effect of osteoblasts on BM 21.0955- and clodro-
nate-treated osteoclasts, cells from the same osteoclast suspension pre-
pared for the coculture experiment described above were incubated
with or without BM 21.0955 and clodronate, for 5 min at the same
concentrations used for treatment of CRP 10/30 cells. After the 25-
min cell attachment period, 3 X 105 CRP 10/30 cells per 500 Al of
MEM were added to each well. The coculture was carried out for 24 h
in MEM without FBS. In order to determine whether the magnitude of
the bisphosphonate effect on osteoclast activity is influenced by the
number ofosteoblasts used in the coculture, we added various amounts
ofCRP 10/30cells(3 X l05, 5 X 104, or 1X 104cells/500 Al per slice)
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Figure 2. Inhibitory effect of various bisphosphonates on osteoclast
activity after a short period of treatment (5 min) of osteoclast sus-
pension in the absence of ivory (details in Methods). Results are the
mean percent inhibition±SEM obtained from three individual exper-
iments. The number ofresorption pits on control slices was equal to
66±9 per 128-mm2 ivory.

to adherent osteoclasts which had been pretreated for 5 min with 10-7
M BM 2 1.0955.

Determination ofthe number ofosteoclasts and other cells adhering
to the ivory surface. Tartrate-resistant acid phosphatase (TRAP)-posi-
tive cells (mononuclear or multinucleated) which had adhered to the
ivory slice after 25 min or 24 h of incubation time were quantified as
previously reported ( 17, 18). Furthermore, the number of osteoblasts
per ivory slice, identified as alkaline phosphatase-positive mononu-
clear cells (Sigma Kit, Sigma Chemical Co., St. Louis, MO) was as-
sessed after 15, 25, and 120 min of settlement ofthe osteoclast suspen-
sion, using the mean count of cells within the area enclosed by a stan-
dard reticule at a magnification of X200. Four fields were counted per
slice with each representing 1/54 (X200) of the total ivory slice area.

Statistical analysis. In each experiment for treatment and for con-
trol we used a single osteoclast suspension from the same animal group.
The data are presented as total number of pits scored per eight or four
slices. The difference between the means of individual experiments,
treated versus control, was performed with the two-tailed Student's
test.

Results

Treatment ofosteoclast suspension with bisphosphonates in the
absence ofmineral. The treatment ofthe osteoclast suspension
with bisphosphonates for 5 min and washing twice before set-
tling onto ivory led to a dose-dependent inhibition of pit for-
mation. A 35% reduction in pit number, equalling half maxi-
mal inhibition for most bisphosphonates, was obtained at con-
centrations of 10-" M for BM 21.0955 and 10-6 M for
etidronate (Fig. 2). The order of potency for five bisphospho-
nates was found to be BM 21.0955 > alendronate > pamidro-
nate > clodronate > etidronate, a finding that correlates well
with the relative potencies obtained, in vivo (Table I).

Analysis of pit areas revealed that treatment of cells for 5
min with lO-' M BM 21.0955 not only caused a reduction in
pit numbers from 26±4 to 9±1 pits/64 mm2 (P < 0.005) but
also a diminution of pit areas from 658±52,m2 per pit in the
control group to 342±49 ,Im2 per pit in the BM 21.0955-
treated group (P < 0.01).

Cultivation of the osteoclast suspensions with l0-7 M BM
21.0955 or 10-6 M clodronate for 5 min showed no effects on
the number of either mono- or multinucleated TRAP-positive
cells or on the number of osteoblasts (ALP-positive cells) to
adhere to the ivory surface during the 25-min settling period.

After 24 h of culture the number of osteoblasts and TRAP-

Table . Antiresorbing Potency ofBisphosphonates In Vitro
and In Vivo

Relative potency

50% inhibition In In
Bisphosphonates in vitro vitro vivo

M
Etidronate 1 X 10-6 1 1
Clodronate 1.5 X 10-7 8 10
Pamidronate 3 X 10-9 550 100
Alendronate 2 X 10-9 700 1,000
BM 21.0955 3.5 x 10-'° 5,000 10,000

A 50% inhibition of total inhibition of osteoclastic resorption activity
for the five bisphosphonates after a 5-min treatment ofthe osteoclast
was determined from the data shown in Fig. 2. The data for in vivo
potencies were taken from Muehlbauer et al. 1991 (25).
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Table II. Effects ofBM 21.0955 and Clodronate on the Number of TRAP-positive Mono- and Multinucleated Cells
and Osteoblasts Found on Ivory after 25-min Settlement and after 24 h ofCulture

Number TRAP-positive cells*
Time after Bisphosphonates
treatment (5-min treatment) Multinucleated Mononuclear Osteoblasts*

25-min settlement Control 126±2 1,411±24 3,655±84
BM 21.0955 (10-7 M) 123±4 1,405±40 3,659±92
Clodronate (10-6 M) 125±3 1,410±18 3,638± 128

24-h culture Control 162±3$ 426±19 6,271±296
BM 21.0955 (10-7 M) 145±6 410±16 6,268±310
Clodronate (10-6 M) 126±12§ 414±18 6,255±212

* No. of cells are expressed per 64 mm2 of ivory surface. Values are means±SEM of three individual experiments. P < 0.05 vs. control (24 h).
§ P < 0.01 vs. control (24 h).

positive multinucleated cells on the ivory increased whereas
the number of TRAP-positive mononuclear cells decreased
(Table II). This enhancement of numbers of osteoblasts or
decrease of mononuclear TRAP-positive cells was not in-
fluenced by bisphosphonates. However, the increase in TRAP-
positive multinucleated cells obtained in the control group was
prevented by BM 21.0955 and by the clodronate treatment
(Table II).

The treatment ofosteoclast suspension with BM 21.0955 at
10-' M or with clodronate at 10-6 M resulted in maximum
inhibition of resorption of up to 65%±5 and 56%±4 respec-
tively. Addition of calcitonin to the bisphosphonate treated
osteoclasts throughout the culture period resulted in maximum
inhibition of up to 96%±2. If calcitonin (10-' M) alone was
added an inhibition of 84%± 10 was obtained.

Effect ofbisphosphonates bound to ivory on pit formation.
The results obtained with cells cultured on bisphosphonate-
coated ivory (Fig. 3) show that although pit formation was
inhibited by the various bisphosphonates, the dose relationship
seen with cells treated in the absence of mineral was essentially
lost. Moreover, the magnitude of difference among the differ-
ent compounds was greatly reduced. In the present system
pamidronate was the most effective, followed by alendronate,
BM 21.0955, clodronate, and etidronate. The settlement time
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appeared to make no difference to the response. Thus for exam-
ple, after exposure of ivory to pamidronate ( I0O- M) 54% and
69% inhibition of resorption was achieved with cells settled for
15 min in two separate experiments, and 66% and 63% inhibi-
tion with 25 min of settlement in the same experiments.

Effect ofPTHand osteoblast conditioned medium on osteo-
clast resorption activity. Osteoblasts are known to be a major
cell contaminant of isolated osteoclast preparations ( 18, 19).
In that osteoblasts are known to influence osteoclast resorption
activity when challenged with calciotropic hormones (20, 21 ),
we assessed the functional purification ofthe osteoclast suspen-
sions by adding PTH to cell preparations which were allowed
15, 25, or 120 min for cells to adhere to ivory (Fig. 4 a). The
latter time periods were selected based on the fact that osteo-
blasts due to their smaller cell size (diameter) settle less rapidly
onto the culture surface (in our case ivory) than do osteoclasts.
Therefore, the time designated for cell settlement determines
the degree of osteoblast contamination of the isolated osteo-
clast preparations. The data presented in Fig. 4 a show that
while PTH (10-8 M) did not affect pit formation when cells
had adhered for 15 min, the hormone caused a 2- and 1.7-fold
increase (P < 0.005) in the number of pits when cells had
settled for 25 and 120 min, respectively. In contrast to the
above, medium conditioned by the osteoblastic CRP 10/30
cells enhanced osteoclast resorption activity also in the osteo-
clast cultures of 15-min cell settlements (Fig. 4 b). In these
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Figure 3. Inhibition of pit formation when osteoclast suspension was
cultured on bisphosphonate-coated ivory. Each data point corre-
sponds to the mean±SEM from three experiments. The number of
pits on control slices was 61±8 per 128-mm2 ivory.

80

15 25 120 15 25 120

80

Settlement time (minutes)
Figure 4. Effect of settlement time on the pit number formed by os-
teoclasts in the presence of(a) l0-' M bPTH (1-34) and (b) condi-
tioned medium from CRP 10/30 cells. Each value represents the
mean±SEM from three individual experiments. **P < 0.01 vs. MEM
Earle's + FBS and vs. MEM - FBS. ***P < 0.00 1 vs. MEM - FBS.
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experiments the number of osteoblasts per 64 mm2 of ivory
surface after 15 min was 776±230, after 25 min was
3,662±455, and after 120 min was 4,476±403.

Osteoblast-osteoclast coculture. Since the osteoclast prepa-
rations used in the present study are significantly contaminated
by osteoblasts (Table II) and because osteoblasts stimulate os-
teoclastic resorption activity and formation (15, 19, 20), it was
possible that the bisphosphonate effects shown in Fig. 2 re-
sulted from their action on the contaminating osteoblasts
rather than on the osteoclasts. To examine this possibility we
used the well characterized osteoblast cell line CRP 10/30,
which enhances resorption pit number in coculture with osteo-
clasts (e.g., Table III). When CRP 10/30 cells (3 x 105 per
slice) were pretreated for 5 min with various concentrations of
BM 21.0955 or clodronate and thereafter cocultured for 24 h
with adhering nontreated osteoclasts, a dose-dependent inhibi-
tion of resorption was determined with both bisphosphonates
(Fig. 5). The latter results could not be reproduced with bis-
phosphonate-pretreated rat dermal fibroblasts (data not
shown). In contrast, when isolated disaggregated osteoclasts
were pretreated for 5 min with different concentrations ofBM
21.0955 or clodronate and then cocultured after settling for 25
min onto ivory with 3 X 105 CRP 10/30 cells/slice (Fig. 6),
the number of resorption pits of the control and bisphospho-
nate-treated groups were essentially identical. This suggests
that addition of a sufficient number of osteoblasts can over-
come the inhibitory effect of bisphosphonates, which is sup-
ported by experiments in which the number of added CRP
10/30 cells were reduced to 5 X 104 and 1 X 104 per culture,
respectively (Table III). While no inhibition was seen again
when 3 x 105 osteoblasts were added per culture, the inhibition
prevailed only when the osteoblast cell number was smaller
than 3 X 105.

Furthermore, in view of the ability of CRP 10/30 condi-
tioned medium to stimulate directly the resorption by osteo-
clasts settled for only 15 min (Fig. 4), we tested whether bis-
phosphonates reduced the production of this activity into the
medium. Serum-free medium collected for 24 h after 5 min of
treatment with BM 21.0955 10-7 M or clodronate 10-6 M
showed reduced ability to stimulate resorption by osteoclasts

Table III. Influence of Various Amounts ofOsteoblastic
CRP 10/30 Cells, Cocultured with Isolated Osteoclasts,
upon the Bisphosphonate-mediated Inhibition
ofOsteoclast Resorption Activity

No. of CRP 5-min bisphosphonate
10/30 cells treatment of Pit

added per slice suspended osteoclasts number

3 x 105 Control 30±6
BM 21.0955 (10-7 M) 29±5

5 X 104 Control 17±4
BM 21.0955 (10-7 M) 10±2*

1 X 104 Control 11±3
BM 21.0955 (10-7 M) 5±1*

The number of pits obtained without addition ofCRP 10/30 cells was
6±1. Pit number is expressed per 64 mm2 of ivory slice surface.
Values are the mean±SEM of three separate experiments. * P < 0.05
vs. control. $ P < 0.01 vs. control.
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Figure 5. Pit formation by osteoclasts cocultured with bisphosphonate-
treated CRP 10/30 cells (5 min). Values represent the mean±SEM
obtained from three individual experiments. In the control groups
the number of resorption pits was 57±4 per 64-mm2 ivory.

settled on ivory for 25 min (Fig. 7). In these experiments, con-
tinuation of serum-free culture ofCRP 10/30 to 48 h resulted
in loss ofproduction ofresorption-stimulating activity into the
medium (Fig. 7). Therefore, it was not possible to test for re-
versibility of the bisphosphonate effect.

Discussion

Bisphosphonates are potent inhibitors ofbone resorption when
tested in a variety of systems both in culture and in vivo. Al-
though the precise mode of action of these compounds is still
unclear, it is generally attributed to the direct inhibitory effect
of bisphosphonate-coated bone on the ability of mature osteo-
clasts to resorb (3, 10, 22). Indeed, bisphosphonates have a
strong affinity for hydroxyapatite (8), and hence for bone, espe-
cially at the site ofnew bone formation. This-is reflected in their
use as scintigraphic agents to detect areas of high bone forma-
tion. Furthermore, it was shown recently that alendronate de-
posits preferentially under osteoclasts (12), and it was calcu-
lated that local concentrations could approach 1 mM (12).
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Figure 6. Effect of coculturing bisphosphonate-treated osteoclasts (5
min) with the CRP 10/30 cells on resorption as measured by pit
formation. Each value corresponds to the mean of pit number±SEM
derived from three experiments.
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However, previous studies using several techniques in vitro
have failed to reproduce the relative potencies which various
bisphosphonates display in vivo. This was the case in studies of
the inhibition of bone resorption in organ cultures using fetal
long bone explants (23), and especially in studies where the
inhibition of mature osteoclasts was assessed with the com-

pounds bound to the mineral surface ( 13).
Up to the present time, the only in vitro studies that have

demonstrated a correlation with the inhibition observed in
vivo depended upon recruitment of new osteoclasts on the
bone surface (23), and the formation of multinucleated cells in
human long-term bone marrow cultures (24). However, in
vivo studies have shown that with bisphosphonate treatment

the number of osteoclasts can increase despite a complete inhi-
bition of bone resorption (25). Therefore, inhibition of osteo-
clast recruitment does not satisfactorily explain the action of
these compounds in vivo.

The conflicting findings between in vivo and in vitro stud-
ies suggest that bisphosphonates do not operate solely through
direct actions on osteoclast activity or recruitment, but through
other mechanisms. They may involve other cell system(s) that
may be related to bone resorption. Thus, it has been shown that
bisphosphonates do affect also other cells involved in bone turn-

over, including osteoblasts (26, 27) and macrophages, ofwhich
both activity (28) and proliferation (29, 30) are inhibited in
vitro.

In this work we have demonstrated a correlation between
the inhibitory activity of bisphosphonates in vitro and that
which operates in vivo. Using the osteoclast resorption pit as-

say ( 18), we have shown that by altering the assay conditions it
was possible to obtain inhibition of osteoclastic resorption ac-

tivity at a bisphosphonate concentrations as low as 10-" M,
something which has not been previously possible. A 5-min
exposure ofa freshly isolated osteoclast preparation to bisphos-
phonates was found to be sufficient to produce this inhibitory
effect. Moreover, in this system the relative efficacies of five
bisphosphonates closely paralleled their relative potencies, in
vivo. In contrast, no correlation with in vivo results was seen

when the compounds were added to ivory before adding the
osteoclast suspension, or when the bisphosphonates were
added concurrently with the cells to the medium (data not
shown). These results provide evidence for a direct effect of
bisphosphonates on the cells present in the osteoclast popula-
tion used, independent of the need for a contact of osteoclasts
with bisphosphonate-containing mineral. While our data
imply that bisphosphonates can influence osteoclast function
independently of the mineral route, they do not preclude the
possibility that osteoclasts are also inhibited, in situ, through
ingestion of mineral containing the drugs. The latter effect was
suggested by the finding that coating ivory with bisphospho-
nates results in the same extent of inhibition of osteoclastic
resorption whether the osteoclast suspension were allowed to
settle for 15 or 25 min onto the ivory surface.

The next question was to find out whether the compounds
exerted their effect directly upon the osteoclasts or indirectly
through other cells. It is now generally accepted that osteoblasts
can stimulate osteoclast resorption activity (15, 20, 31 ). Many
factors that stimulate bone resorption, such as PTH (19, 20),
1,25-dihydroxyvitamin D3 (21), prostaglandin E2 (32), inter-
leukin 1 (33), and tumor necrosis factor-a (34), have been
shown to act on this event through the release of an osteoblast-
derived osteoclast stimulating activity. Since our osteoclast pop-
ulations adhering from 25-min settlement periods are contami-
nated by other cells, among them osteoblasts, it is conceivable
that the inhibitory effect seen was not due to an action on the
osteoclasts, but on some of the contaminating cells, possibly
osteoblasts. The role of contaminating osteoblasts is illustrated
by the finding that PTH induced an increase in resorption only
when the cell preparation containing the osteoclasts was al-
lowed to adhere for> 15 min. These results, which are in agree-
ment with previous studies indicate that it requires> 15 min to
allow sufficient number of osteoblasts to settle for the latter to
affect osteoclasts after the PTH challenge (18, 19). The resorp-
tion stimulating effect obtained with conditioned medium of
the osteoblastic clone CRP 10 /30 when osteoclasts were settled
for 15 min not only supports the above conclusion but accentu-
ates the importance of osteoblasts in osteoclast-mediated re-
sorption.

The hypothesis that the antiresorbing activity of the bis-
phosphonates on osteoclasts was mediated by osteoblasts was
supported by the experiments with the osteoblastic cell clone
CRP 10/30. This clone exhibits several characteristics of dif-
ferentiated osteoblasts ( 16), and has recently been shown to
synthesize an osteoclast-stimulating activity as assessed using
the resorption pit assay (15). Thus when disaggregated osteo-
clasts were cocultured with bisphosphonate-treated CRP10/
30 cells, an inhibition of pit formation was obtained. However,
this inhibition was not evident when the osteoclasts were
treated for 5 min and subsequently cocultured with untreated
CRP 10/30 cells. Moreover, the fact that BM 21.0955 inhib-
ited osteoclast activity more strongly than clodronate, when
CRP 10/30 cells were pretreated with the compounds before
coculture, provides good evidence that the antiresorptive effect
of bisphosphonates is osteoblast dependent. The fact that the
difference in activity between BM 21.0955 and clodronate is
less than the difference obtained when the osteoblast-osteoclast
preparation is treated has, at present, no explanation. The find-
ing that rat dermal fibroblasts treated with bisphosphonates did
not produce the effects obtained with CRP 10/30 cells suggests
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that the inhibitory action of these compounds may be specific
for osteoblasts.

It was interesting to note that no inhibition of resorption
was observed when osteoclast suspensions treated with bis-
phosphonates were subsequently cocultured with untreated
CRP 10/30 cells. This suggests that the effect of the bisphos-
phonate on the contaminating osteoblasts was overcome by the
osteoclast-stimulating activity released from CRP 10/30 cells,
which greatly outnumbered the osteoblasts that were contained
in the osteoclast preparation. This is supported by the finding
that a reduction ofthe number ofCRP 10/30 cells added to the
osteoclast culture was paralleled by a diminution of osteoclast-
stimulating activity and a reduction of the bisphosphonate-in-
duced inhibition. This explanation is consistent with data
showing that PTH treatment prevented bisphosphonate-in-
duced inhibition ofbone resorption, perhaps by a mechanism
which opposes the inhibition of the production of osteoblast-
derived osteoclast resorption stimulating activity (35).

It is not yet clear how bisphosphonates could gain access to
osteoblasts in vivo. One possibility is that they come directly
from the general circulation after their administration. The
more likely explanation, consistent with their long duration of
action, is that they are released from bone into the microenvi-
ronment of osteoblasts, either by passive diffusion or during
resorption. The recent data on in vivo localization of alendro-
nate ( 12) would be in consistent with this latter possibility.

Our results suggest that inhibition of the osteoblast-osteo-
clast pathway is an important component of the action of bis-
phosphonates. The relative importance in vivo ofthe two mech-
anisms, either direct inhibition of osteoclast activity and indi-
rect inhibition through the osteoblast remains to be
determined. The osteoblast-mediated activity opens new bio-
chemical approaches to elucidate the precise cellular mecha-
nism ofaction ofthese drugs, and hence for the development of
new drugs inhibiting bone resorption. In addition, it may pro-
vide a novel approach to investigating the regulation ofproduc-
tion of osteoblast-derived osteoclast-stimulating activity.
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